The Virtual Digitizing algorithm [5] computes the tool a CNC machine tool, a series of 3D or 2D coordinates that path by means of a "virtually digitised" model of the define its motion must be supplied. These points are surface and a geometry specification of the tool and its usually referred to as tool centre positions. In this way, the motion, so can be used even in non-standard machining problem can be expressed as obtaining a trajectory of tool (retrofitting). This algorithm was developed by one centres that defines the desired object to be machined with member of our research group and is included in a given precision, in literature the problem is also known commercial shoe last CAD/CAM software called as the tool compensation problem [1] .
Forma3D® (from the Spanish Footwear Research Institute,
With a given object and tool, a solution cannot always INESCOP). This software is currently a world leader in the be found because of the curvature of the surfaces [2] . In CAD/CAM software for shoe lasts. The Virtual these cases, the problem is redefined in order to obtain a Digitalization is simple, robust and avoids the problem of trajectory that defines the closest surface that contains the tool-surface collision by its own definition, but its desired object (that is, without collision). Figure 1 shows computational is higher than the others approaches. the trajectory (tool path) of a circle centre point in order to
On the other hand, the idea of integrating trajectory define a surface. In this case, for the sake of simplicity, the generation into the numerical control itself is now problem is presented in 2D. For 3D surfaces the problem becoming more common. The new ISO standard 14649 becomes more complex.
(also called STEP-NC) remedies the shortcomings of ISO Partial solutions to this problem use surface offsets 6983 by specifying the machining processes rather than generated by different methods [2, 3, 4] . However, these machine tool motion by means ofmachining tasks.
Unfortunately, in traditional industrial fields such as the surface and tool motion are well defined. Basically, the footwear industry, there are no high-performance behavior can be described as follows: For each point of the computers with a regard to design and manufacture. The trajectory the part surface is transformed in order to face use of low-performance computers and standard operating the cutting tool. Then the minimum distance from every systems is therefore a restriction, since they share both the surface point to the tool is computed in the direction of tool management tasks and those of the CAD/CAM. This is attack axis. This distance determines the tool center point specially true in the CNC for shoe lasts turning lathe for the current step in the virtual digitalization process. machines, where the clock frequency of the system must Physically, we select the point that touches the tool surface be keep low to improve the inmunity to the in first place when the tool is moved along the attack axis. electromagnetic interferences generated by their
The basic pseudo-code algorithm can be expressed as electromechanical parts.
follows: In [6, 7] it consists into two loops, one for rows and the other for The paper is divided in the following parts: In section 2 columns in fact. The most external loop goes through the generic algorithm is explained. In Section 3 a FPGAevery trajectory position. In order to obtain a good based architecture is proposed to implement it efficiently.
finishing quality, it is necessary produce, at least, as many Section 4 summarizes the experiments in order to probe the trajectory points as points the surface has.
goodness of the architecture. Because the data dependencies between the three functions, the strategy adopted to get the best performance Comparison and assignment: IfDistance<Min_dist is to unroll the loop by means of a pipeline with three then Min dist =Distance stages, one for every operation. At the same time, every -~~~~~~~~~~~~~stage will be segmented in several sub-stages to get a well balanced pipeline.
IMPLEMENTATION AND RESULTS
-Send and Receive primitives include the mechanims and sinchronization methods to transfer blocks of In order to validate the architecture a prototype has been data between the GPU and the RCU. implemented using the Celoxica RC1 OOOPP PCI board and HandelC high level HDL. The board is populated with one Two levels of segmentation were used to implement the Xilinx VirtexlOOO FPGA and four 512Kx32 memory architecture. The first level allows overlapping the tasks of banks which can be accessed in parallel. The local memory both parts of the system. While RCU computes the of the board is shared with the host, and the transactions of Surface_TR for the iteration (i), the GPU works on the large data blocks can be performed by means of high speed Surface_TR for the iteration (i-1 Distance=D(p',Tool) The synchronization between the two threads (GPU task If Distance<Min dist and RCU task) is performed by means of two RC1000 of them finish their work.
Tool_Influence Area is the area of influence for the The second level of segmentation performs the tool in every trajectory position, that is, the subset unrolling of the internal loops to accelerate the execution of the 3D surface points that the tool could reach in within the RCU. In order to get the best performance, the its actual position. points of the surface were packed into 64bit words, coding -Surface_TR is the set of transformed points in the every coordinate in a 21bit fixed point number. This way Tool_Influence_Area.
was possible to access one point in a single clock cycle reading banks 0 and 1 in parallel. In a similar way, the transformed points can be written to the banks 2 and 3, in only one cycle. To pack and unpack the data send and implemented taken as baseline system a CNC for shoe last received to/from the RCU several software functions was machining. The results show a significant increase of the designed and added to the GPU code. The resultant RCU compting speed, maintaining a relatively low frecuency at pipeline is composed by 5 stages where the products of TR the same time. This fact confirm the feasibility of the are perform by multipliers synthesized by the HandelC proposal, the computational cost could be replaced by the compiler. Its throughtput is lpoint/cycle. insertion of specialized boards instead of changing the The error introduced by the 21bit fixed point whole control system. approximation was analyzed resulting an absolute error, in Further refinements can be adopted to improve the the worst case, equal to 2-1. This is lower than the response time of the system, for instance the reduction in maximum error allowed in the tool trajectory, which is the number of RCU-GPU transactions. This can be made 0,1mm.
duplicating the pipeline to computing several loop For test purposes the RC1000 board was connected to a iterations before the RCU send the transformed points to typical CNC platform: standard PC equipped with a Intel the GPU.
Pentium MMX @166MHz, 16MB RAM. The system was In addition, future studies aim to complete the hardware tested with a large data base of shoe last. The absolute architecture so that it can support the distance calculation error obtained for the tool trajectory points was always task in the virtual digitizing algorithm. under 0,1mm as the previous analysis had predicted. 
